Introduction
============

Colon cancer is one of the most common malignant tumors of the digestive system and its incidence rate is increasing every year in China ([@b1-ol-0-0-11561],[@b2-ol-0-0-11561]). The incidence rate in China was 27.08/100,000, and the mortality rate was 13.13/100,00 in 2014 ([@b3-ol-0-0-11561]). Patients with colon cancer typically suffer recurrence and metastasis, occasionally between 1--2 years after surgery ([@b4-ol-0-0-11561]).

It has been previously determined that chemokine receptors are involved in the development and metastasis of breast cancer, prostate cancer, colon cancer, liver cancer ([@b5-ol-0-0-11561]--[@b8-ol-0-0-11561]). Recently, there is increasing evidence that chemokines and their receptors play a key role in the development and progression of cancer ([@b9-ol-0-0-11561]--[@b11-ol-0-0-11561]). CXCL14 is expressed by islet δ-cells where it may exert paracrine effects to inhibit insulin secretion in a CXCR4/CXCR7-independent manner through reductions in β-cell ATP levels ([@b10-ol-0-0-11561]). Zhang *et al* ([@b11-ol-0-0-11561]) revealed that angiogenesis was enhanced with increased SDF1 and that angiogenesis was weakened with the inhibition of CXCR7. They demonstrated that PI3K/AKT was involved in the downstream pathway in the coculture. VEC angiogenesis induction by NPCs was enhanced with an increase in pAKT or a decrease in PTEN. The chemokine receptor investigated in the current study is chemokine receptor 7 (CXCR7), which is a new receptor for C-X-C motif chemokine ligand 12 \[CXCL12; also known as stromal cell-derived factor-1 (SDF-1)\], after the discovery of the CXCR4 receptor, and its binding affinity for CXCL12 is up to 10 times higher compared with that of the CXCR4 receptor ([@b12-ol-0-0-11561],[@b13-ol-0-0-11561]).

Studies have shown that CXCR7 can inhibit tumor cell growth and proliferation in prostate cancer and neuroblastoma by binding to CXCL12 ([@b14-ol-0-0-11561],[@b15-ol-0-0-11561]). Stacer *et al* ([@b16-ol-0-0-11561]) found that high expression of CXCR7 in endothelial cells can regulate the metastasis of breast cancer cells. A previous study revealed that CXCR7 enhances PC3 and C4-2B prostate cancer cell invasion and metastasis by regulating the expression levels of cell adhesion molecules, such as fibronectin, cadherin-11, CD44, and matrix metalloproteinases ([@b14-ol-0-0-11561]). A previous report demonstrated that CXCR7 is highly expressed in human colon cancer cells ([@b17-ol-0-0-11561]). Over the last 8 years, a number of studies have confirmed that CXCR7 is also expressed in other types of cancer, such as pancreatic cancer, thyroid cancer, prostate cancer, breast cancer, esophageal cancer, liver cancer, and bladder cancer, and it has been shown to promote tumor growth and metastasis ([@b5-ol-0-0-11561],[@b18-ol-0-0-11561]--[@b23-ol-0-0-11561]). The results of our previous study ([@b24-ol-0-0-11561]) indicated that the protein and mRNA expression of CXCR7 in Caco-2 cells was low compared with that in RKO, SW480, and HCT116 colon cancer cells. However, whether CXCR7 has similar functions in Caco-2 and HCT116 cells remains to be elucidated.

Therefore, the primary aim of the current study is to assess the protein and mRNA expression levels of CXCR7 in Caco-2 and HCT116 cells, and secondly to inhibit the expression level of CXCR7 in Caco-2 and HCT116 cells and investigate the subsequent biological activity of these cells.

Materials and methods
=====================

### Cell culture

Caco-2 and HCT116 cells were purchased from the Cell Bank of the Chinese Academy of Sciences and cultured in Dulbecco\'s modified Eagle\'s medium (HyClone; GE Healthcare Life Sciences) containing 10% fetal bovine serum (FBS), and 100 U/ml penicillin and 100 µg/ml streptomycin. The cells were cultured in an incubator at 37°C in a humidified incubator with 5% CO~2~.

### Cell transfection

Caco-2 and HCT116 cells were seeded at a density of 4×10^5^ cells/well in a 6-well plate overnight, and the medium was replaced with fresh medium without FBS. Cy5 fluorescence-labeled siRNA (Guangzhou RiboBio Co., Ltd.) was transfected into Caco-2 and HCT116 cells by Lipofectamine 3000. After 6 h, the siRNA transfection efficiency was observed under the inverted fluorescence microscope. The three CXCR7 interfering segments were as follows: siRNA1, 5′-CGUCCAACAAUGAGACCUAdTdT-3′; siRNA2, 5′-CGUCCAACAAUGAGACCUAdTdT-3′; and siRNA3, 5′-GCUAUGACACGCACUGCUAdTdT-3′. siRNAs \[siRNA1, siRNA2, siRNA3, and siRNA Negative Control (NC); Guangzhou RiboBio Co., Ltd.\] were transfected into Caco-2 and HCT116 cells using Lipofectamine^®^ 3000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.), in accordance with the manufacturer\'s instructions. Follow-up subsequent experimentation 6 h after transfection.

### Reverse transcription-quantitative PCR (qRT-PCR) after transfection

The total RNA of the cells was extracted using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), Reverse transcription of total RNA was carried out by using a Prime Script RT Master mix (Takara Biotechnology Co., Ltd.). The following primers were used: CXCR7 forward, 5′-TCTGCATCTCTTCGACTACTCA-3′ and reverse 5′-GTAGAGCAGGACGCTTTTGTT-3′; GAPDH forward, 5′-GAAGGTGAAGGTCGGAGTC-3′ and reverse 5′-GAAGATGGTGATGGGATTTC-3′. GAPDH was used as the internal control. Subsequently, 1 µl cDNA was amplified using 10 µl SYBR Premix Ex TaqII kit (Takara Biotechnology Co., Ltd.) and 0.8 µl primers in a Light Cycler 480 instrument (Roche Diagnostics). The following thermal cycling conditions were used: Initial denaturation at 95°C for 30 sec, 45 cycles of 95°C for 5 sec, 60°C for 30 sec, melting curve at 95°C for 5 sec, 60°C for 60 sec, 95°C for 5 sec, and cooling at 40°C for 30 sec. Relative mRNA expressions was calculated using the 2^−ΔΔCT^ method: 2^−ΔΔCT^ (ΔΔCt=\[Ct (CXCR7)-Ct (GAPDH)\] target- \[Ct (CXCR7)-Ct (GAPDH)\]xinternal standard ([@b25-ol-0-0-11561]).

### Western blot analysis

Transfected cells were incubated in radioimmunoprecipitation assay (RIPA) buffer (Beyotime Institute of Biotechnology) for 15 min. The protein concentration of the samples was calculated using a bicinchoninic acid (BCA) protein concentration assay kit. Each sample (20 mg/lane) was mixed with loading buffer (Beyotime Institute of Biotechnology) and boiled for 5 min at 95°C in the heating module. Then, 20 mg per lane of proteins from each sample were loaded and separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), later transferred to polyvinylidene difluoride membranes (PVDF; Bio-Rad Laboratories, Inc.). The membranes were blocked at room temperature for 2 h with 3% bovine serum albumin (BSA, Hyclone; GE Healthcare Life Sciences) and washed them three times with TBST. The dilution ratio for the anti-CXCR7 antibody (cat. no. ab72100) was 1:1,000 and for the anti-GAPDH antibody (cat. no. ab181602) was 1:2,000 (both Abcam). The primary antibody was incubated overnight at 4°C. After several washings, membranes were incubated with horseradish peroxidase-conjugated secondary antibody (anti-rabbit) (1:2,000 dilution) for 2 h at 37°C. The protein bands were developed by adding ECL solution (Bio-Rad Laboratories, Inc.). The levels of protein expression were evaluated by Image Pro Plus 6.0 (IPP) software (Media Cybernetics, Inc.).

### Immunofluorescence assay after transfection

The cells were washed three times with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 20 min at RT, and incubated with 0.1% Triton X-100 penetrant for 25 min. After washing the well plates, the samples were blocked in goat serum (HyClone; GE Healthcare Life Sciences) for 30 min at RT, and incubated with CXCR7 antibody (cat. no. ab72100; dilution 1:100; Abcam) overnight at 4°C. Subsequently, the cells were incubated with fluorescent secondary antibody (1:200) for 1 h at 37°C, washed three times with PBS, incubated with 4′,6-diamidino-2-phenylindole for 30 min at RT, and images were obtained using a fluorescence microscope (magnification, ×200). The levels of fluorescence intensity were evaluated by Image Pro Plus 6.0 (IPP) software.

### Cell Counting Kit-8 (CCK-8) and 5-ethynyl-2′-deoxyuridine (EdU) assays to detect cell proliferation after transfection

Cells were seeded in 96-well plates at 5,000 cells per well. After 24, 48 and 72 h of culture, 100 µl of Dulbecco\'s Modified Eagle Medium (DMEM) medium (HyClone; GE Healthcare Life Sciences) containing 10% CCK-8 reagent (Dojindo Molecular Technologies) was added to each well, in accordance with the manufacturer\'s instructions. The plates were incubated at 37°C for 1 and 2 h, and then, the absorbance was measured at 450 nm using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). Next, 50 µM EdU medium was prepared, and 200 µl of the medium was added to each well for 2 h. The wells were then subjected to Apollo staining for 30 min at RT, in accordance with the manufacturer\'s instructions, and images were obtained using a fluorescence microscope (magnification, ×200).

### Cell migration and invasion assay after transfection

The transfected cells were seeded into the upper chamber of a Transwell insert at a density of 4×10^5^ cells/well without FBS, and 500 µl of DMEM (HyClone; GE Healthcare Life Sciences) containing 20% FBS was added to the lower chamber; the chambers were then incubated at 37°C for 6 h. The migrant cells that were adhered to the lower surface of the membrane were fixed with 4% paraformaldehyde for 20 min at room temperature, and then stained with 0.1% crystal violet for 30 min at RT. The number of cells under the membrane surface was counted in five different fields using a light microscope at a magnification of ×200. Transfected Caco-2 and HCT116 cells were seeded into 6-well plates at a density of 4×10^5^ cells/well prior to a wound healing assay. When the confluence of cells was \>90%, a scratch was created using a 10 µl pipette tip in the middle of the well. Cells were cultured with serum-free medium for a further 24, 48 and 72 h. A light microscope was used to observe wound healing (magnification, ×200). Matrigel (100 µl; 1:6 dilution; BD Biosciences) was added to the upper chamber to coagulate for 30 min at 37°C, and cells were cultured for 24 h for invasion experiments. The additional steps were the same as aforementioned.

### Statistical analysis

All data are expressed as the mean ± standard deviation. Statistical differences between the groups were assessed using SPSS version 19.0 software (IBM Corp.). Differences between groups were calculated using a one-way analysis of variance (ANOVA), and P\<0.05 was considered to indicate a statistically significant difference. The experiment above was performed in triplicate.

Results
=======

### Expression level of CXCR7 in Caco-2 and HCT116 cells after transfection

siRNA1, siRNA2, siRNA3, and siRNANC were transfected into Caco-2 and HCT116 cells, and fluorescence imaging confirmed that the transfection was effective ([Fig. 1A](#f1-ol-0-0-11561){ref-type="fig"}). In the present study, RT-qPCR and western blot analysis showed that the expression level of CXCR7 in the transfected group (siRNA3) was significantly lower compared with that in the NC group (qPCR: Caco-2, 0.87±0.11 and HCT116, 1.05±0.10; WB: Caco-2, 0.69±0.03 and HCT116, 0.79±0.03), and the effect of siRNA3 (PCR: Caco-2, 0.34±0.15 and HCT116, 0.31±0.03; WB: Caco-2, 0.06±0.02, and HCT116, 0.16±0.05) was the most significant in reducing CXCR7 expression. Consequently, siRNA3 was used in subsequent experiments ([Fig. 1B and C](#f1-ol-0-0-11561){ref-type="fig"}).

### Immunofluorescence detection following transfection

siRNA3 and siRNANC were transfected into Caco-2 and HCT116 cells, and the expression of CXCR7 was detected. The results showed that the fluorescence intensity of Caco-2 and HCT116 cells in the siRNA3 transfected group (Caco-2, 2.12±0.14 and HCT116, 3.45±0.95) was significantly lower compared with that in the NC group (Caco-2, 7.88±0.55 and HCT116, 8.78±0.41, P\<0.01), and the difference between the control and the NC group was not significant ([Fig. 1D](#f1-ol-0-0-11561){ref-type="fig"}).

### Effect of CXCR7 on the proliferation of Caco-2 and HCT116 cells

Following transfection of siRNA3 into Caco-2 and HCT116 cells, their proliferation was measured using CCK-8 and EdU assays. After 48 and 72 h, 10 µl CCK-8 solution was added to each well and incubated for 1 h. The CCK-8 assay demonstrated that the proliferation of the siRNA3-transfected cells (48 h: Caco-2, 0.31±0.02 and HCT116, 0.58±0.04; 72 h: Caco-2, 0.67±0.06 and HCT116, 0.73±0.06) was reduced compared with that in the NC group (48 h: Caco-2, 0.65±0.03 and HCT116, 0.75±0.08; 72 h: Caco-2, 0.89±0.09 and HCT116, 0.93±0.06) ([Fig. S1](#SD1-ol-0-0-11561){ref-type="supplementary-material"}). After 48 and 72 h, 10 µl CCK-8 solution was added to each well and incubated for 2 h. The CCK-8 assay demonstrated that the proliferation of the siRNA3-transfected cells (48 h: Caco-2, 0.45±0.05 and HCT116, 0.62±0.07; 72 h: Caco-2, 0.83±0.05 and HCT116, 0.89±0.06) was reduced compared with that in the NC group (48 h: Caco-2, 0.82±0.06 and HCT116, 0.95±0.07; 72 h: Caco-2, 1.27±0.06 and HCT116, 1.40±0.06) ([Fig. 2A](#f2-ol-0-0-11561){ref-type="fig"}). The CCK-8 assay results were not statistically significant at 24 h, for either cell line. The EdU results revealed that the number of proliferating cells was significantly reduced (P\<0.05) after siRNA3 transfection (Caco-2, 0.24±0.04 and HCT116, 0.17±0.04) compared with the NC group (Caco-2, 0.80±0.09 and HCT116, 0.87±0.05) ([Fig. 2B](#f2-ol-0-0-11561){ref-type="fig"}).

### Effect of CXCR7 on the migration of Caco-2 and HCT116 cells

Following transfection of siRNA3 into Caco-2 and HCT116 cells, their migration ability was determined using a wound healing and Transwell assays. The wound healing assay results revealed that the cell migration area was significantly decreased (P\<0.05) after Caco-2 and HCT116 transfection of siRNA3 (24 h: Caco-2, 460.58±46.88 and HCT116, 368.91±38.19; 48 h: Caco-2, 548.00±12.83 and HCT116, 471.33±33.37; 72 h: Caco-2, 713.33±19.55 and HCT116, 666.67±42.92) compared with that in the NC group (24 h: Caco-2, 944.65±53.11 and HCT116, 931.31±23.39; 48 h: Caco-2, 1,060.67±38.06 and HCT116, 1,194.00±75.45; 72 h: Caco-2, 1,372.67±61.63 and HCT116, 1,449.33±56.05) ([Fig. 3A](#f3-ol-0-0-11561){ref-type="fig"}). The Transwell assay results revealed that the number of transmembrane cells was significantly decreased (P\<0.01) after Caco-2 and HCT116 transfection of siRNA3 Caco-2, 195±6.02 and HCT116, 128.33±11.37) compared with that in the NC group (Caco-2, 389.67±22.15 and HCT116, 411.43±12.53), indicating that downregulation of CXCR7 expression significantly inhibited cell migration ([Fig. 3B](#f3-ol-0-0-11561){ref-type="fig"}).

### Effect of CXCR7 on Caco-2 and HCT116 cell invasion

To determine the cell invasion ability, a Matrigel assay was used to detect the number of transmembrane cells. The results showed that the number of invasions of Caco-2 and HCT116 cells transfected with siRNA3 (Caco-2, 172.33±14.32 and HCT116, 135.67±10.02) was significantly reduced (P\<0.01) compared with that in the NC group (Caco-2, 371.33±15.82 and HCT116 418.33±14.19). This suggests that downregulation of CXCR7 may inhibit cell invasion ([Fig. 4](#f4-ol-0-0-11561){ref-type="fig"}).

Discussion
==========

The development of cancer is a complex process, including proliferation, migration, and invasion ([@b26-ol-0-0-11561]). Previous studies have found that chemokines and chemokine receptors play an important role in tumor invasion, growth, and metastasis ([@b27-ol-0-0-11561],[@b28-ol-0-0-11561]). Romain *et al* ([@b29-ol-0-0-11561]) found that the mRNA or protein expression of CXCR4 and CXCR7 was similar to that of the normal mucosa in the polyps and early-stage carcinomas but significantly increased in late stage carcinomas.

Recent studies have reported that another receptor for SDF-1, CXCR7, is overexpressed in various human malignancies, such as ovarian cancer, colorectal cancer, and breast cancer ([@b7-ol-0-0-11561],[@b30-ol-0-0-11561],[@b31-ol-0-0-11561]). Experimental studies showed that mice treated with anti-SDF-1 showed higher expression of CXCR7 compared with that in controls, indicating that CXCR7 regulates colon cancer angiogenesis and tumor growth independently of SDF-1 ([@b32-ol-0-0-11561]). Moreover, a previous study revealed that the chemokine receptor CXCR7 demonstrates increased expression in colorectal cancer tumors ([@b33-ol-0-0-11561]). Guillemot *et al* ([@b34-ol-0-0-11561]) suggested that the activation of CXCR7 on tumor blood vessels by its ligands may facilitate the progression of CRC within lung cancer but not within liver cancer. Wang *et al* ([@b35-ol-0-0-11561]) found that CXCR7-knockdown negatively affected cell survival and migration *in vitro*, suggesting that CXCR7 functions in tumor aggravation. The experiments performed in the present study also demonstrated the proliferation, invasion and migration ability of Caco-2 and HCT116 cells was significantly reduced following transfection with CXCR7 siRNA, inhibiting the tumor-like behavior of these cells, which supports the previous studies.

In the present study, downregulation of CXCR7 expression has been shown to inhibit tumor cell proliferation, migration, and invasion. The CCK-8 assay and EdU results revealed that cell proliferation was reduced after transfection compared with that in the NC group. The wound healing assay and Transwell assay results revealed that the migration area and the number of migrating cells were significantly reduced in the siRNA3 transfection group compared with that in the NC group. In our previous study ([@b24-ol-0-0-11561]), SW480 and Caco-2 cells were inoculated subcutaneously into the right lower limb tissue of mice. CXCR7 was upregulated or downregulated prior to inoculation in mice. The expression of CXCR7 was measured using RT-qPCR, western blot analysis, and immunohistochemistry. Firstly, RT-qPCR and western blot analysis revealed that knockdown of CXCR7 in SW480 and Caco-2 cells decreased the phosphorylation of AKT and ERK and expression of VEGF. In contrast, overexpression of CXCR7 in SW480 and Caco-2 cells increased the phosphorylation of AKT and ERK and expression of VEGF. Secondly, the immunohistochemical staining was higher in CXCR7-overexpressing Caco-2 cells compared with that in the NC group. In contrast, the staining was lower in the CXCR7-silenced SW480 cells compared with that in the NC group. These results indicate that CXCR7 simultaneously regulates the ERK/AKT signaling pathway and expression of VEGF in colon cancer *in vitro* and *in vivo*. Our previous study revealed that CXCR7 is a key factor in tumorigenesis by promoting cell proliferation and angiogenesis ([@b24-ol-0-0-11561]). The results of the present study support the current conclusions and also indicate that changes in the expression of CXCR7 are key factors in the development and progression of colon cancer. The effects of CXCR7 on colon cancer migration and invasion was further investigated. The results showed that silencing CXCR7 also inhibits colon cancer migration and invasion. Wang *et al* ([@b36-ol-0-0-11561]) found that CXCR7 is involved in CXCL12 cell cycle and proliferation regulation in mouse neural progenitor cells, and CXCL12 pretreatment leads to shortening of the G~0~/G~1~ phase and prolongation of S phase, and increases cyclin D1 and β-catenin expression. Notably, *in vitro* experiments performed by Kim *et al* ([@b37-ol-0-0-11561]) on U937 cell migration revealed that the silencing of CXCR7 did not change the proliferation or apoptosis of U937 cells. This indicates that the effect of dysregulation of CXCR7 expression is specific to different cancer types.

A previous study has shown that a CXCR7 antagonist (CCX771) inhibits tumor growth and metastasis in a mouse breast cancer model ([@b22-ol-0-0-11561]). Lin *et al* ([@b38-ol-0-0-11561]) also found that CCX771 can inhibit the proliferation of HepG2 hepatoma cells overexpressing CXCR7 by blocking the activated mitogen activated protein kinase signaling pathway. The results of the current study indicate that downregulation of CXCR7 expression inhibits cell proliferation, invasion, and migration. Gebauer *et al* ([@b39-ol-0-0-11561]) found that the high expression of CXCR7 in colorectal cancer is associated with poor prognosis in patients. Therefore, inhibition of CXCL12/CXCR7 may represent a new approach for tumor targeted therapy.
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###### 

Expression level of CXCR7 in colon cancer cells following transfection. (A) Fluorescence microscopy confirmed that the transfection efficiency of fluorescent control-transfected Caco-2 and HCT116 cells was high (magnification, ×200). (B) Reverse transcription-quantitative PCR detection of mRNA expression, (C) representative image of western blot analysis and quantitative analysis of protein expression, in Caco-2 and HCT116 cells. Expression level of CXCR7 in colon cancer cells following transfection. (D) Fluorescent images of cells following transfection with siRNA3 and quantitative analysis of immunofluorescence expression. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001 vs. siRNANC groups. CXCR7, chemokine receptor 7; siRNA, small interfering RNA; NC, negative control.
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![CCK-8 and EdU assay detects proliferation of Caco-2 and HCT116 cells. (A) The effect of siRNA3 on the proliferation of Caco-2 and HCT116 colon cancer cells was determined using the CCK-8 cytotoxicity assay and measuring the OD value of the cells at 450 nm. (B) Representative images of the EdU assay of Caco-2 and HCT116 cells transfected with siRNA3. Quantitative measurement of EdU-positive cells indicates that silencing of CXCR7 reduces cell proliferation. \*P\<0.05; \*\*P\<0.01 vs. siRNANC groups. CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-20-deoxyuridine; OD, optical density; siRNA, small interfering RNA; NC, negative control.](ol-20-01-0226-g02){#f2-ol-0-0-11561}
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Wound healing and Transwell assay detects migration of Caco-2 and HCT116 cells. (A) Representative images of the wound healing assay of Caco-2 and HCT116 cells transfected with siRNA3. Quantitative measurement of the migration area indicates that silencing of CXCR7 reduces cell migration. (B) Representative image of the Transwell analysis of Caco-2 and HCT116 cells. Quantitative measurement of the number of transmembrane cells indicates that silencing of CXCR7 reduces cell migration. \*P\<0.05; \*\*P\<0.01 vs. siRNANC groups. siRNA, small interfering RNA; NC, negative control.
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![Effect of CXCR7 on Caco-2 and HCT116 cell invasion. Representative image of the Matrigel analysis of Caco-2 and HCT116 cells. Quantitative measurement of the number of transmembrane cells indicates that silencing of CXCR7 reduces cell invasion. \*\*P\<0.01 vs. siRNANC groups. siRNA, small interfering RNA; NC, negative control.](ol-20-01-0226-g05){#f4-ol-0-0-11561}
